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Ran-GTPThe pseudorabies virus (PRV) early protein UL54 is a homologue of the herpes simplex virus 1 (HSV-1)
immediate-early protein ICP27, which is a multifunctional protein and essential for HSV-1 infection. To
determine if UL54might shuttle between the nucleus and cytoplasm, as has been shown for its homologues in
human herpesviruses, the molecular determinants for its nucleocytoplasmic shuttling were investigated.
Heterokaryon assays demonstrated that UL54 was a nucleocytoplasmic shuttling protein and this property
could not be blocked by leptomycin B, an inhibitor of chromosome region maintenance 1 (CRM1). However,
TAP/NXF1 promoted the nuclear export of UL54 and interacted with UL54, suggesting that UL54 shuttles
between the nucleus and the cytoplasm via a TAP/NXF1, but not CRM1, dependent nuclear export pathway.
Furthermore, UL54 was demonstrated to target to the nucleus through a classic Ran-, importin β1- and α5-
dependent nuclear import mechanism.6.
.
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
As a pathogen of swine, pseudorabies virus (PRV) has resulted in
devastating diseases and economic loss worldwide. PRV belongs to
the genus Varicellovirus of subfamily alphaherpesvirinae, which can
infect most mammals except for higher-order primates, such as
humans. The neurotropic nature of PRV makes it a useful tracer of
neuronal connections and it is also a useful model for the study of
herpesvirus pathogenesis (Pomeranz et al., 2005). During the lytic
cycle of PRV infection, the viral proteins are expressed in a cascade of
three temporally distinct and functionally interdependent phases
termed immediate-early (IE), early (E) and late (L) phase. The UL54
protein is expressed within E kinetics during PRV infection and is a
structural homologue of the HSV-1 IE regulatory protein infected cell
protein (ICP) 27 (ICP27).
ICP27 is an essential and multifunctional regulator of gene
expression which assumes different roles during infection, such as
inhibiting pre-mRNA splicing, shutoff of host protein synthesis,
stimulating pre-mRNA 3′ processing, promoting viral RNA nuclear
export, shuttling between the nucleus and the cytoplasm, transcrip-
tional regulation, formation of Virus-Induced-Chaperone Enriched
domains, and regulation of the translation of virus and/or host
transcripts (Bryant et al., 2001; Chen et al., 2005; Chen et al., 2002;
Dobrikova et al., 2010; Ellison et al., 2005; Fontaine-Rodriguez et al.,
2004; Hernandez and Sandri-Goldin, 2010; Kevin and Novalija, 2008;McGregor et al., 1996; Sandri-Goldin, 2008; Sciabica et al., 2003;
Wadd et al., 1999; Zhou and Knipe, 2002). In addition, ICP27 is known
to be involved in apoptosis pathways (Gillis et al., 2009; Zachos et al.,
2001) and implicated in determining the composition of HSV-1
virions and the inhibition of type I interferon signaling (Johnson et al.,
2008; Melchjorsen et al., 2006). Although ICP27 and its other
herpesviral homologues (Boyne et al., 2008; Boyne and Whitehouse,
2009; Ding et al., 2010; Guo et al., 2009; Hamel and Simard, 2003;
Toth and Stamminger, 2008) have been extensively studied, the
function of UL54 is less understood.
UL54 encodes a 40 kDa protein of 361 amino acids (aa) and shows
41% homologywith the ICP27 based on aa sequence (Baumeister et al.,
1995). In contrast to ICP27, UL54-null PRV is viable, however, it
exhibits aberrant expression of several E and L genes and is highly
attenuated in a mouse model of PRV infection (Schwartz et al., 2006).
UL54 has been previously shown to target predominantly to the
nuclei of infected cells and its RGG box is required for RNA-binding
activity (Huang and Wu, 2004; Huang et al., 2005). In the present
study, UL54 was demonstrated to be the ﬁrst nucleocytoplasmic
shuttling protein in PRV and it shuttled between the nucleus and the
cytoplasm through RanGTP, importin β1 and importin α5 and TAP/
NXF1 dependent pathway.
Results
Nucleo-cytoplasmic shuttling of UL54
Since ICP27 is a nucleocytoplasmic shuttling protein (Chen et al.,
2005; Mears and Rice, 1998), an interspecies heterokaryon assay as
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was performed to determine whether UL54 is a nucleocytoplasmic
shuttling protein. pUL54-EYFP-transfected COS-7 cells are fused to an
equivalent number of murine NIH 3T3 cells in the presence of the
protein synthesis inhibitor cycloheximide. COS-7 (monkey) and 3T3
(mouse) cells were stained with DAPI to differentiate their nuclei
(Ding et al., 2010; Zheng et al., 2004), because COS-7 cells show
diffuse stain throughout the nuclei, whereas 3T3 cells show a
distinctive speckle stain in the nuclei (Fig. 1A). In transfected cells,
EYFP tagged UL54 co-localized with the nucleolar marker nucleolin,
indicating that it targets primarily to the nucleolus (Fig. 1B). In
addition, the result of immunoﬂuorescence assay (IFA) showed that
untagged UL54 also localized in the nucleolus (Fig. 1C). Fusion of non-
transfected 3T3 cells to UL54-EYFP-expressing COS-7 cells resulted in
the presence of UL54-EYFP in about 95% fusedmurine nuclei (Fig. 1D),
which indicated that UL54 shuttled from the nuclei of COS-7 to 3T3,
suggesting that UL54 is a nucleocytoplasmic shuttling protein.
Many studies pertaining to nuclear export of nucleocytoplasmic
proteins have implicated the nuclear export receptor CRM1 or
exportin 1, a host cell protein that is a member of the karyopherin
or importin/exportin family of nucleocytoplasmic transport factors
and required for the nuclear export of proteins containing a nuclear
export signal (NES) (Fornerod et al., 1997). LMB has been found to
speciﬁcally inhibit CRM-1-mediated nuclear export (Soliman and
Silverstein, 2000). To investigate the contribution of the CRM1
pathway to the nuclear export of UL54, COS-7 cells were transfected
with UL54-EYFP fusion protein or a positive control plasmid encoding
the CRM1-dependent nucleocytoplasmic shuttling protein human
cytomegalovirus (HCMV) pUL84 tagged with EYFP, which acts as a
CRM-1-dependent nucleocytoplasmic shuttling protein (Lischka et al.,
2006), respectively. Subsequently, heterokaryon assays were per-
formed as described above, with the exception that 3 h prior to and
following heterokaryon formation, the cells were treated with LMB at
20 ng/mL to inhibit CRM1 function. In the absence of LMB, both
proteins, UL54 and pUL84, could be detected in approximate 95% and
97% fused murine nuclei, respectively (Figs. 1D, E). In contrast,
treatment with LMB obviously blocked shuttling of pUL84 but did not
prevent the translocation of UL54 (Figs. 1D, E), since UL54-EYFP were
still observed in more than 90% fused murine nuclei whereas only
about 5% fused 3T3 nuclei showed positive staining of pUL84,
indicating that UL54 is exported from the nucleus to the cytoplasm
independent of the nuclear export receptor CRM1.Fig. 1. UL54 is a nucleocytoplasmic shuttling protein. (A) DAPI staining of mouse (NIH 3T3)
and monkey (COS-7) cell nuclei. (B) COS-7 cells co-transfected with pUL54-EYFP and
nucleolin-ECFP. (C) IFA analysis of the subcellular localization of untagged UL54 in
transfected COS-7 cell. COS-7 cells were transfected with pcDNA3.1-UL54, probed with the
anti-UL54 pAb, and then labeled with FITC-conjugated goat anti-rabbit IgG and counter-
stained with DAPI stain to visualize the nuclei. (D) Heterokaryon assay for monkey COS-7
cells expressing UL54-EYFP and mouse NIH 3T3 cells treatment with or without LMB.
(E) Heterokaryon assay formonkey COS-7 cells expressing pUL84-EYFP andmouse NIH 3T3
cells treatmentwithorwithout LMB. Prior to and followingheterokaryon formation, denovo
protein synthesis was inhibited using cycloheximide. 3 hrs prior to fusion and throughout
the experiment, the cells were incubated in the absence (-) or presence (+) of LMB. Mouse
cells were identiﬁed by their speckled nuclei when stained with DAPI (arrowshead).UL54 mediated the nuclear export through TAP/NXF1 pathway
Cellsmake use ofmultiple transport systems to transport RNAs and
proteins from the nucleus to the cytoplasm. Besides the CRM1 system,
most of the recent evidences suggest that ICP27 utilizes the TAP/NXF1
system,which is believed to be themajor pathway for export of spliced
cellularmRNAs(Chen et al., 2005; Corbin-Lickfett et al., 2010; Dimaano
and Ullman, 2004). To further explore the export requirements
for UL54, we investigated its interaction with the cellular mRNA
export receptor TAP/NXF1. The yeast two-hybrid (Clontech) assaywas
performed to examine the interaction as described in the Materials
and methods. As results, on the SD/-Ade/-His/-Leu/-Trp plate, only
the pACT2-UL54 and pGBKT7-TAP and the positive control co-
transformed AH109 yeast cells grew (Fig. 2A), suggesting a potential
interaction between UL54 and TAP/NXF1.
To further analyze the interaction between UL54 and TAP/NXF1,
co-localization assay was performed. TAP-ECFP alonemainly localized
to the nucleus with faint staining in the cytoplasm (Fig. 2B). When
cells were co-transfected with pTAP-ECFP and pUL54-EYFP, in more
than 90% of co-transfected cells, UL54-EYFP was signiﬁcantly redis-
tributed from the nucleolus to the nucleus and the cytoplasm
(Fig. 2C), in contrast, UL54 still mainly localized in nucleolus in cells
Fig. 2. UL54 is exported to the cytoplasm through the export receptor TAP/NXF1. (A) Yeast two-hybrid assay for UL54 and TAP/NXF1. Brieﬂy, yeast strain was co-transformed with
the plasmids of combination as described in Materials and methods. Individual transformant was grown on the SD/-Ade/-His/-Leu/-Trp medium. (B) Subcellular localization of TAP/
NXF1-ECFP. (C) TAP promoted nuclear export of UL54. COS-7 cells were co-transfected with pUL54-EYFP and pTAP-ECFP. The pUL54-EYFP alone transfected COS-7 cell was labeled
by an arrowhead. Both ﬂuorescent images of EYFP and ECFP fusion proteins were presented in pseudocolor, green and red, respectively. (D) Co-IP analysis of UL54 and TAP-ECFP co-
transfected samples after no treatment or treatment with RNase A at 150 μg/mL. (E) Conﬁrmation of efﬁcient RNase treatment. Total RNA of HEK293T cells was incubated for 30 min
at 37 °C in the absence (−) or presence (+) of 150 μg/mL RNase. The RNase condition was used in all experiments. (F) Co-IP of UL54 and control ECFP. (G) Co-IP of the lysates of HA-
vector control pCMV-N-HA and pTAP-ECFP co-transfected HEK293T cells. HEK293T cells were co-transfected with pCMV-N-HA and pTAP-ECFP. 24 h after transfection, cells were
lysed and IP with anti-HA mAb or mouse IgG control. Immunoprecipitated proteins as well as the cell lysates were separated in denaturing 10% SDS-PAGE, and analyzed by IB with
anti-HA mAb or anti-YFP pAb. IP, immunoprecipitation; IB, immunoblot.
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ed the nuclear export of UL54.
The interaction was further conﬁrmed by co-immunoprecipitation
(Co-IP) assays (Han et al., 2004; Xing et al., 2010). The HEK293T cells
were co-transfected either with pCMV-HA-UL54/pTAP-ECFP or
negative control pCMV-HA-UL54/pECFP-N1 and pCMV-N-HA/pTAP-
ECFP, and then cell lysates were immunoprecipitated with anti-HA
antibody. As results, TAP-ECFP was efﬁciently immunoprecipitated
with UL54-HA (Fig. 2D). Since both of TAP and UL54 are RNA binding
proteins, positive results of Co-IP assays might not be due to direct
interaction but rather in a tertiary complexwith RNAs. To address this,
lysates from cells co-transfected with UL54 and TAP proteins were
treated with RNase prior to immunoprecipitation. As results, TAP was
co-immunoprecipitated with UL54 comparably regardless of RNase
treatment (Fig. 2D). As a control, the amounts of the TAP proteins in
the lysates were veriﬁed to be unchanged after RNase treatment
(Fig. 2D). In addition, in order to conﬁrm that the RNase treatment of
cell lystates was efﬁcient, the total RNA of HEK293T cells was isolated
and treated with RNase, the result conﬁrmed the successful RNase
activity (Fig. 2E). Hence, RNA is not required to bridge the interaction
between UL54 and TAP. As negative controls, there was no detectable
ECFP co-immunoprecipitated by anti-HAmonoclonal antibody (mAb)
from cells co-expressing UL54-HA and ECFP (Fig. 2F) as well as no
TAP-ECFP or ECFP co-immunoprecipitated by IgG and HA-vector
control (Figs. 2D, F, G).
All these results showed that UL54 could interact with TAP/NXF1
independent of RNA and the nuclear export of UL54 depended on TAP/
NXF1 pathway, however, whether the TAP/NXF1 pathway is the sole
system for export of UL54 remained unknown.
Characterization of the nuclear import mechanism of UL54
The Ran protein has been shown to be required for nuclear
localization signal (NLS) dependent nuclear transport (Moore and
Blobel, 1993) and the translocation of NES-containing proteins from
the nucleus to the cytoplasm (Lindsay et al., 2001). To explore the
nuclear import mechanism of UL54, a dominant negative (DN)
RanGTP (Ran-Q69L), which is deﬁcient in GTP hydrolysis (Palacios
et al., 1996), was introduced to determine whether Ran is required for
the nuclear transport of UL54. COS-7 cells were co-transfected with
UL54-EYFP and Ran-Q69L-ECFP, and their subcellular localization
patterns were monitored. As results, co-transfection of Ran-Q69L
signiﬁcantly blocked the nuclear import of UL54 (Fig. 3A), this was
typical for more than 90% co-transfected cells, suggesting that the
nuclear translocation of UL54 was Ran dependent and required GTP
hydrolysis.
Awell-characterized class of NLS is recognized by the importinα/β
heterodimer, where importin α recognizes the NLS, and importin β
facilitates the importin α-NLS interaction by mediating a conforma-
tional change in importin α (Kobe, 1999). To identify the cellular
receptor responsible for UL54 nuclear targeting and further charac-
terize the nuclear import pathway of UL54, DN importinα5 (DN kα1)
(Reid et al., 2007) and DN importin β1 (DN kβ1) (Guo et al., 2010),
which lack the ability to bind importin β and Ran (Chi et al., 1997;
Kutay et al., 1997), respectively, and nuclear import inhibitors Bimax2
orM9M that are speciﬁc for the importinα1,α3,α6 andα7 (Kosugi et
al., 2008) or transportin-1 pathways (Cansizoglu et al., 2007),
respectively, were also introduced to determine whether they are
required for the nuclear transport of UL54. As results, co-transfection
of DN kβ1 and DN kα1 reduced the nuclear import of UL54 (Fig. 3B),
this was typical for approximate 87% and 83% for DN kβ1 and DN kα1
in co-transfected cells, respectively. However, Bimax2 and M9M did
not impair the nuclear import of UL54 protein. pUL54-EYFP was also
cotransfectedwith pECFP-N1 to conﬁrm that UL54was not relocalized
by ECFP (Fig. 3C). All the corresponding plasmids were transfected
into cells to show their subcellular localization alone (Fig. 3D).These results indicate that UL54 might interact with kα1 and kβ1,
but might not with importins α1, α3, α6, or α7 or transportin-1. To
further conﬁrm this hypothesis, Co-IP assays were performed.
HEK293T cells were co-transfected with either of the following
plasmid combinations: pcDNA-Flag-karyopherin-α1/pCMV-HA-
UL54, pCMV9-3×Flag-importinβ1/pCMV-HA-UL54, pFLAG-CMV-
transportin-1/pCMV-HA-UL54, or negative control pFLAG-CMV-2/
pCMV-HA-UL54, pcDNA-Flag-karyopherin-α1/pCMV-N-HA and
pCMV9-3×Flag-importinβ1/pCMV-N-HA, respectively. At 24 h post
transfection, cell lysates were prepared and Co-IP was carried out
using anti-HA mAb or mouse IgG. Immunoprecipitated proteins were
subjected to western-blot analysis with HA and Flag antibodies. As
results, kα1 (Fig. 4A) as well as kβ1 (Fig. 4B) but not transportin-1
(Fig. 4C) was efﬁciently co-immunoprecipitated with UL54, in
contrast no such protein was immunoprecipitated by IgG (Figs. 4A,
B, C) and HA-vector control (Figs. 4D, E) and no protein was
immunoprecipitated by UL54 in Flag-vector control and pCMV-HA-
UL54 co-transfected cells, suggesting that UL54 could interact with
importin α5 and importin β1 but not transportin-1.
UL54 binds TAP/NXF1, importin α5 and importin β1 during PRV infection
The studies above have demonstrated that a recombinant
expressed UL54 protein could bind TAP/NXF1, importin α5 and
importin β1 in transfected cells. The goal of the subsequent
experiments is to determine whether UL54 and these proteins
interact in the context of viral infection. To test this hypothesis,
HEK293T cells were transfected with pFLAG-CMV-TAP, pcDNA-Flag-
kα1, pCMV9-3×Flag-importin β1 or pFLAG-CMV-2, respectively, and
then infected with vBecker2. Subsequently, the cells were collected
and Co-IP was performed. As results, UL54 could be immunoprecipi-
tated by TAP/NXF1 (Fig. 5A), importin α5 (Fig. 5B) and importin β1
(Fig. 5C) but not Flag-vector control (Fig. 5D) in the viral infected cells,
demonstrating that UL54 interacts with TAP/NXF1, importin α5 and
importin β1 in the context of a viral infection.
Discussion
UL54 homologues are important multifunctional proteins, which
are conserved among α-, β-, and γ-herpesviruses. PRV encodes only
one genuine IE protein (IE180) (Ihara et al., 1983), and only three E
proteins EP0 (Brukman and Enquist, 2006), UL54 (Schwartz et al.,
2006) and TK (Ferrari et al., 2000) have been reported. As a
nonessential protein, the exact role of UL54 in virus infection is still
less well characterized, but it has several properties that make it of
particular interest. It has been shown that the accumulation of gC
protein and UL53 and UL52 RNA are decreased in cells infected with
UL54-null PRV compared to those infected with wild-type virus, and
UL54-null PRV is highly attenuated in a mouse model (Schwartz et al.,
2006). Another important property is its ability of binding RNA in vitro
(Huang et al., 2005).
Recently, it has been appreciated that some nuclear proteins are
not conﬁned to the nucleus once they are transported there. Rather,
these proteins continuously shuttle between the nuclear and the
cytoplasmic compartments. The pertinent proteins for this include
some nucleolar proteins (Borer et al., 1989; Meier and Blobel, 1992;
Michienzi et al., 2000) and other viral homologues of UL54, such as
HSV-1 ICP27 (Mears and Rice, 1998; Sandri-Goldin, 1998a), bovine
herpesvirus-1 ICP27 (BICP27) (Ding et al., 2010), herpesvirus saimiri
(HVS) ORF57 (Boyne and Whitehouse, 2006) and Kaposi's sarcoma-
associated herpesvirus (KSHV) ORF57 (Boyne andWhitehouse, 2009).
In this study, UL54 was also demonstrated for the ﬁrst time to be a
very active nucleocytoplasmic shuttling protein, as it can efﬁciently
trafﬁc between nuclei in interspecies heterokaryons when transiently
expressed in uninfected cells, indicating that its shuttling does not
require viral infection or any other viral components. Moreover, LMB
Fig. 3. The nuclear import mechanism of UL54. (A) Fluorescence microscopy of COS-7 cells co-transfected with plasmids pUL54-EYFP and pRan-Q69L-ECFP. (B) Fluorescence
microscopy of COS-7 cells co-transfected with plasmid pUL54-EYFP and plasmids encoding DN kα1-ECFP, DN kβ1-ECFP, M9M-RFP or Bimax2-RFP, respectively. The pUL54-EYFP
alone transfected COS-7 cell was labeled by an arrowhead. (C) Fluorescence microscopy of COS-7 cells co-transfected with pUL54-EYFP and pECFP-N1. (D) COS-7 cells transfected
Ran-Q69L-ECFP, DN kα1-ECFP, DN kβ1-ECFP, M9M-RFP, Bimax2-RFP or ECFP alone and examined lively 24 h after transfection by ﬂuorescence microscopy. Both ﬂuorescent images
of EYFP and ECFP fusion proteins were presented in pseudocolor, green and red, respectively. All the photomicrographs were taken under a magniﬁcation of 400×.
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the export of UL54 protein is not achieved through its direct
interaction with CRM1. Several ICP27 homologues, including ICP27,
HVS ORF57, KSHV ORF57 and Epstein–Barr virus EB2, promote viral
mRNA export via TAP/REF pathway (Chen et al., 2002; Hiriart et al.,
2003; Johnson and Sandri-Goldin, 2009;Malik et al., 2004;Williams et
al., 2005). In addition, although the physiological signiﬁcance of
nuclear shuttling is not known in all cases, HIV-1 Rev protein, HSV-1
ICP27 (Sandri-Goldin, 1998a; Sandri-Goldin, 1998b), HVS ORF57
(Boyne and Whitehouse, 2006) and KSHV (Boyne and Whitehouse,
2009) ORF57 which bind RNA appear to have roles in mRNA export.UL54 shuttles between the nucleus and the cytoplasm via the cellular
mRNA export receptor TAP/NXF1, suggesting that UL54 may play a
role in nuclear export of viral transcripts through the TAP/REF export
pathway. However, whether the TAP/REF pathway is the sole system
for UL54 exporting viral transcripts, as most of the nucleocytoplasmic
shuttle proteins do, remains to be elucidated. UL54may be involved in
trafﬁcking of mRNA, and act as a posttranscriptional factor. Further
detailed investigations will be required in order to clarify these points.
Nucleocytoplasmic shuttling proteins can enter the nucleus either
by simple diffusion or active transport mechanisms. The evolutionary
conserved nuclear pore complex (NPC), a huge proteinaceous
Fig. 4. Veriﬁcation of the interactions between UL54 and importin α5, importin β1 or
transportin-1. Co-IP of UL54 and importin α5 (A), importin β1 (B) or transportin-1 (C).
HEK293T cells were co-transfected with pcDNA-Flag-kα1 (Flag-importin α5), pCMV9-
3×Flag-importin β1 (3×Flag-importin β1) or pFLAG-CMV-transportin-1 (Flag-trans-
portin-1) and pCMV-HA-UL54 (UL54-HA), respectively. 24 h after transfection, cells
were lysed and IP with anti-HA or mouse IgG control. Immunoprecipitated proteins as
well as the cell lysates were separated in denaturing 10% SDS-PAGE, and analyzed by IB
with anti-HA mAb or anti-Flag mAb. Co-IP were performed on the lysates of negative
control HA-vector pCMV-N-HA and pcDNA-Flag-kα1 (D) or pCMV9-3×Flag-importin
β1 (E) or negative control pCMV-HA-UL54 and Flag-vector pFLAG-CMV-2 (F) co-
transfected HEK293T cells, respectively.
Fig. 5. UL54 could interact with TAP/NXF1, importin α5 and importin β1 in the context
of a viral infection. Co-IP of UL54 and TAP/NXF1 (A), importinα5 (B), importin β1 (C) or
Flag-vector control (D) on the lysates of virus infected cells. HEK293T cells were
transfected with pFLAG-CMV-TAP, pcDNA-Flag-kα1, pCMV9-3×Flag-importin β1 and
pFLAG-CMV-2, respectively. 12 h after transfection, cells were infected with vBecker2
at MOI=1 for 24 h. Then the cells were lysed, respectively and IP with anti-Flag mAb or
mouse IgG control. Immunoprecipitated proteins as well as the cell lysates were
separated in denaturing 10% SDS-PAGE, and analyzed by IB with anti-UL54 pAb or anti-
Flag mAb.
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allows the diffusion of small proteins with relative molecular masses
of 40–60 kDa (Davis, 1995; Pante and Aebi, 1995). Active nucleocy-
toplasmic transport of proteins is dependent on a gradient of Ran-GTPacross the nuclearmembrane, andmediated by receptors belonging to
the importin-β superfamily (Mattaj and Englmeier, 1998; Nakielny
and Dreyfuss, 1997). UL54-EYFP has a molecular mass of about 68 kDa
and cannot be expected to exit the nucleus by simple diffusion.
Expectedly, our present study demonstrated that the nuclear
transport of the UL54-EYFP fusion protein was abolished by Ran-
Q69L, indicating that the UL54 protein is a Ran dependent protein and
is transported into the nucleus from the cytoplasm via a classical
nuclear transport machinery.
Proteins containing a classical NLS are primarily recognized and
imported by a heterodimeric receptor consisting of karyopherin α/
karyopherin β (Goldfarb et al., 2004; Gorlich et al., 1995; Liu et al.,
2010). Nuclear transport receptor karyopherin-α, known also as
importin-α protein, has an NLS-binding site and functions as adapter
molecules to mediate the interaction between the cargo and
importins β (karyopherins β) (Gorlich et al., 1995). The importin
α/β-cargo complex enters the nucleus and is dissociated by the
binding of Ran-GTP to importin β1 (Gorlich and Kutay, 1999). In
addition to the importin α/β pathway, it is known that there are at
least 10 importin β-dependent nuclear import/export pathways
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several importin β members, especially the extensively studied
importin β1 and importin β2 (transportin-1) (Harel and Forbes,
2004). In mammals, there are at least six isoforms of karyopherins-α,
which can be divided into three distinct subfamilies: the Rch1
subfamily (importin α1/Rch1), the Qip1 subfamily (importin α3/
Qip1 and importin α4/Qip2), and the NPI-1 subfamily (importin α5/
NPI-1, importin α6, and importin α7/NPI-2) based on their sequence
similarity (Goldfarb et al., 2004; Ushijima et al., 2005). To identify the
cellular receptor responsible for UL54 nuclear targeting, the available
inhibitors DN kβ1, DN kα1, Bimax2 andM9Mwere employed. DN kβ1
and DN kα1, but not Bimax2 andM9M impair the nuclear transport of
UL54, suggesting that the nuclear transport of UL54 is mediated by an
importinα5 and importin β1-dependent mechanism, but appears not
to require importins α1, α3, α6, and α7 and transportin-1. M9M
peptide that speciﬁcally binds to transportin-1 and inhibits PY-NLS-
mediated nuclear localization (Cansizoglu et al., 2007), since there are
no classical PY-NLS in UL54, it is not unexpected that M9M could not
inhibit UL54 nuclear import. According with this, transportin-1 was
not able to immunoprecipitate with UL54 protein. However, the exact
conﬁguration of how these transport receptors recognize UL54 and
what other import receptors are also used by UL54 awaits further
investigation.
Taken together, we have demonstrated that UL54 is a nucleocy-
toplasmic trafﬁcking protein. In addition, UL54 shuttles between the
nucleus and the cytoplasm through CRM1 independent nuclear
export pathway and through Ran- and importin β1- and α5-
dependent nuclear import mechanism that appears not to require
importin α1, α3, α6, and α7 and transportin-1. UL54 interacts with
mRNA export factor TAP independent of RNA and its nuclear export
can be promoted by TAP. Furthermore, UL54 interacts with TAP/NXF1,
importin α5 and importin β1 in the context of viral infection. These
studies uncovered the molecular mechanism for nucleocytoplasmic
shuttling of PRV UL54 and opened up new avenues toward
delineating its biological function.
Materials and methods
Plasmid construction
All enzymes used for cloning procedures were purchased from
Takara (Dalian, China) except T4 DNA ligase from New England
Biolabs (MA, USA). PRV BAC pBecker2 was a generous gift from
Dr. Lynn W. Enquist (Smith and Enquist, 2000). The UL54 ORF was
ampliﬁed from pBecker2 and cloned into pEYFP-N1 (Clontech) to
create pUL54-EYFP. Plasmid pcDNA3.1-UL54, pACT2-UL54 and pCMV-
HA-UL54 was constructed by subcloning UL54 gene into pcDNA3.1
(+) (Invitrogen), pACT2 (Clontech) and pCMV-N-HA (Beyotime),
respectively. RFP-M9M and RFP-Bimax2 were generous gifts from
Dr. Nobuyuki Nukina (Kinoet al., 2011). DNmutant RanGTP (Ran-Q69L)
(Isegawa et al., 2008), DN kα1 (Reid et al., 2007) and DN kβ1 (Guo et al.,
2010) were subcloned into pECFP-N1 (Clontech) to yield pRan-Q69L-
ECFP (Ding et al., 2010), pDN kα1-ECFP and pDN kβ1-ECFP, respectively.
pcDNA-Flag-kα1 (importin α5) and pCMV9-3×Flag-importinβ1 were
generous gifts from Dr. Yoshihiro Yoneda and Dr. Ben Margolis,
respectively. The transportin-1 ORF was ampliﬁed from pGEX-tev-
kapbeta2 (Chook and Blobel, 1999) and subcloned into pFLAG-CMV-2
(Sigma) to yield pFLAG-CMV-transportin-1. pGEX-GST-TAP was a
generous gift from Rozanne M. Sandri-Goldin (Chen et al., 2005).
pGBKT7-TAP was constructed by subcloning TAP gene into vector
pGBKT7 (Clontech). Then, TAP was subcloned into pECFP-N1 (Clontech)
and pFLAG-CMV-2 to yield pTAP-ECFP and pFLAG-CMV-TAP, respective-
ly. HCMV BAC (strain AD169) pAD/Cre was a generous gift from
Dr. Thomas Shenk (Yu et al., 2003). The ORF of HCMV pUL84 was
ampliﬁed from pAD/Cre and cloned into pEYFP-N1 to create pHCMV-
pUL84-EYFP. pGFP-nucleolinwas a generous gift fromDr. JulianA.Hiscox(Emmott et al., 2008). Then, the ORF of nucleolin was subcloned into
pECFP-N1 (Clontech) to yield nucleolin-ECFP. All the primers used in this
study are available upon request.
Transfection and ﬂuorescence microscopy
Transfection and ﬂuorescence microscopy assays were performed
as described in our previous studies (Guo et al., 2009; Xing et al.,
2010). Brieﬂy, monolayer of COS-7 cells was transfected with 1.0 to
1.5 μg of indicated plasmid DNA mixed with Lipofectamine Plus
reagent (Gibco-BRL) according to the manufacturer's instructions.
24 h post transfection, cells were subjected to ﬂuorescence micros-
copy with a Zeiss Axiovert 200 M microscope (Germany). The
subcellular localization patterns in the live cells co-transfected with
UL54-EYFP and other proteins were quantiﬁed by counting 100–200
cells; the predominant pattern was described and reported as a
percentage of the total number of cells counted.
IFA
IFA was carried out as described in our previous study (Guo et al.,
2009; Zheng et al., 2004). Brieﬂy, cells were ﬁxed with 4%
paraformaldehyde, permeabilized with 0.5% Triton X-100, and
incubated with the anti-UL54 polyclonal antibody (pAb) (an rabbit
antiserum against His tagged N-terminal 66aa of UL54, unpublished
data). Then the cells were labeled with FITC (ﬂuorescein isothiocy-
anate)-conjugated goat anti-rabbit immunoglobulin G (Zymed Lab-
oratories) and counterstained with DAPI stain to visualize the nuclei.
The cells were visualized with a Zeiss Axiovert 200 M microscope
(Germany). Images were processed with Adobe Photoshop.
Heterokaryon assays
Heterokaryon assays were performed as described in our previous
studies (Ding et al., 2010; Zheng et al., 2004). Brieﬂy, COS-7 cells were
transiently transfected with 1.0 to 1.5 μg of plasmid. After 24 h, NIH
3T3 cells (6×105 cells/well) were plated onto equal amount of COS-7
cells in medium containing 50 μg of cycloheximide per milliliter.
Three hours later, the cells were washed in PBS and fused by addition
of 2 mL of 50% polyethylene glycol 1300–1600 (wt/wt) (Sigma) in
PBS. After 2 min, the cells were washed extensively in PBS.
Cycloheximide is also present during washing and fusion steps.
After washing, the cells were returned to medium containing
cycloheximide at 50 μg/mL and incubated for another hour before
ﬁxation. For the LMB treatment, cells were incubated with LMB at
20 ng/mL for 3 h before the fusion and throughout the experiment.
Yeast two-hybrid assay
The yeast MATCHMAKER two-hybrid system (Clontech) was used
to examine protein–protein interaction according to the manufac-
turer's manual and as described in our previous study (Li et al., 2011).
Brieﬂy, yeast strain AH109 was cotransformed with either of the
following plasmid combinations: pGBKT7-TAP/pACT2-UL54, self-
activation control pGBKT7-TAP/pGADT7 and pGBKT7/pACT2-UL54,
positive control pGBKT7-53/pGADT7-T or negative control pGBKT7-
Lam/pGADT7-T and pGBKT7/pGADT7. Individual transformant was
selected by plating them onto SD/-Leu/-Trp plate and was further
restreaked on the SD/-Ade/-His/-Leu/-Trp medium.
Co-IP and western-blot
Co-IP and western-blot were performed as described (Guo et al.,
2009; Han et al., 2004). Brieﬂy, HEK293T cells (~2.5×106) were co-
transfected with 5 μg of each of the indicated expression plasmids
carrying FLAG, HA or EYFP tag. Transfected cells were harvested 24 h
392 M. Li et al. / Virology 417 (2011) 385–393post transfection and lysed on ice with 1 mL of lysis buffer. For each IP,
a 0.5 mL aliquot of lysate was incubated with 0.5 μg of the anti-HA
mAb, anti-Flag mAb or nonspeciﬁc control mouse antibody (IgG) and
30 μL of a 1:1 slurry of GammaBind G Plus-Sepharose (Amersham
Biosciences) for at least 4 h or overnight at 4 °C. The Sepharose beads
were washed three times with 1 mL of lysis buffer containing 500 mM
NaCl. Then, the immunoprecipitated proteins, as well as the cell
lysates, were subjected to immunoblotting (IB) analysis with anti-Flag
mAb, anti-HA mAb (Sigma), anti-YFP pAb (Santa Cruz Biotechnology)
or anti-UL54 pAb (a rabbit antiserum against His tagged N-terminal
66aa of UL54). All Co-IP were repeated at least two times, and similar
data were obtained.
RNA isolation
HEK293T cells were collected and snap frozen on dry ice. One
milliliter of TRIZOL reagent was added (Invitrogen, Carlsbad, CA), and
RNA was prepared according to the manufacturer's instructions. RNA
samples were subjected to DNaseI digestion to remove trace amounts
of contaminating DNA. The integrity of the total RNA was monitored
by running a 1.2% agarose gel with 0.5 to 1 μg of RNA.
Virus preparation
pBecker2 (Smith and Enquist, 2000) was extracted and then used
to rescue virus named vBecker2. Brieﬂy, conﬂuent Vero cells were
transfected with 2 μg of the corresponding BAC DNA using Calcium
Phosphate Transfection Kit (Invitrogen) according to the manufac-
turer's manuals. To remove the BAC vector from the PRV genome, a
Cre expression plasmid (pGS403) was cotransfected with the
corresponding BAC DNA as described previously (Marchini et al.,
2001) to produce the virus vBecker2.
To calculate the virus titer, the PK-15 cells were grown in 24-well
plates and inoculated for 1 h at 37 °C with serial dilutions of the virus
in DMEM. Virus dilutions were washed off, and the plates were
overlaid with 1 mL of 2×DMEM–2% fetal bovine serum and white
agar (1:1). After incubation at 37 °C for 24 h, the cell monolayers were
ﬁxed with methanol and stained with 0.1% crystal violet and plaques
were counted.
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